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Ribosome decoding tRNA selectiona b s t r a c t
Pioneer crystallographic studies of the isolated 30S ribosomal subunit provided the ﬁrst structural
insights into the decoding process. Recently, new crystallographic data on full 70S ribosomes with
mRNA and tRNAs have shown that the formation of the tight decoding centre is ensured by confor-
mational rearrangement of the 30S subunit (domain closure), which is identical for cognate or near-
cognate tRNA. When a GU forms at the ﬁrst or second codon–anticodon positions (near-cognate
tRNA), the ribosomal decoding centre forces the adoption of Watson–Crick GC-like geometry rather
than that of the expected Watson–Crick wobble pair. Energy expenditure for rarely occuring tauto-
meric base required for Watson–Crick GC-like GU pair or the repulsion energy due to steric clash
within the mismatched base pair could constitute the only cause for efﬁcient rejection of a near-
cognate tRNA. Our data suggest that ‘‘geometrical mimicry’’ can explain how wrong aminoacyl-
tRNAs with GU pairs in the codon–anticodon helix forming base pairs with Watson–Crick geometry
in the decoding center can be incorporated into the polypeptide chain.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The ribosome is the ribonucleoprotein machine responsible for
the faithful translation of genetic material into the encoded poly-
peptide. Ribosomes consist of a large (50S) and a small (30S) sub-
unit, which together compose the 2.5 megadalton (MDa) 70S
ribosome. The ribosomemaintains the mRNA reading frame during
protein biosynthesis by simultaneously ﬁxing tRNAs in their bind-
ing sites and grasping onto the messenger RNA (mRNA) chain. Dur-
ing evolution, features of the translation apparatus that are pivotal
for mRNA reading frame maintenance in order to achieve efﬁcient
and exact translation of genomic information have evolved, but the
organization of essential functional sites such as the decoding cen-
tre was conserved [1]. Ribosomes possess three tRNA binding sites,
termed A- (aminoacyl-), P- (peptidyl)- and E- (exit) sites, which are
composed of elements from both subunits. The L-shaped tRNA
molecules are oriented such that the tRNA anticodon–mRNA codon
interactions take place on the 30S subunit, whereas the 30 CCA ter-
mini of tRNA interact with the 50S subunit.Decoding of the genetic information by codon–anticodon base
pairing between the mRNA and the tRNA occurs in the A-site of
the small ribosomal subunit. During each cycle of elongation, the
ribosome must select the correct aminoacyl-tRNA (aa-tRNA) that
matches the codon occupying the A site (i.e. forms Watson–Crick
pairs) from a large pool of competing aa-tRNAs. Once the correct
codon–anticodon interactions are established in the A-site of the
ribosome, a rapid peptide bond formation takes place between
the aminoacyl moiety of the A-site tRNA and polypeptide in the
P-site. In prokaryotes the aa-tRNA arrives to the ribosome in the
form of a ternary complex with elongation factor Tu (EF-Tu) and
GTP.
One of the most interesting questions of molecular biology
raised in the last decades is what forms the basis for translational
ﬁdelity? It was realized that the differences in stability between
codon–anticodon interactions of cognate and non-cognate tRNAs
were often too small to explain the low overall error frequency
(103 to 104/codon [2–4]) of the translation process. Thus, the
translational machinery must effectively select for the binding of
correct aa-tRNA to the ribosome, whereas incorrect (non-cognate
or near-cognate) aa-tRNAs are preferentially discarded.
In the 1970s, Hopﬁeld and Ninio proposed the mechanism of
‘‘kinetic proofreading’’ as a way to increase the speciﬁcity of aa-
tRNAs binding. They suggested a proofreading step driven by the
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[5,6]. Initial support for the proofreading mechanism came from
in vitro data proving that binding of near-cognate tRNAs (that typ-
ically carry a single mismatch to the codon in the A-site) resulted
in a signiﬁcant increase in GTP consumption relative to the amount
of amino acids incorporated [7]. In these same studies, it was
showed that non-cognate tRNAs (normally with more than a single
mismatch) did not appear to stimulate the hydrolysis reaction.
These observations were consistent with two selection steps sepa-
rated by GTP hydrolysis. Non-cognate tRNAs are rejected during
the initial phase of the selection, but near-cognate ones escape this
screening process some of the time and are instead rejected during
a second selection phase following GTP hydrolysis. This kinetic
proofreading model predicts that slowing down GTP hydrolysis
would allow greater time for equilibrium to be reached during
the initial selection phase and could thus result in an overall higher
ﬁdelity.
Nevertheless, it was a rather simpliﬁed scheme in which the
role of the ribosome was only ﬁxing the position of the mRNA co-
don. Now, it has been recognized that the ribosome plays a crucial
and active role for the mechanism of aa-tRNA selection in the
decoding site. Based on extensive footprinting, cross-linking, and
mutagenesis data, it was demonstrated that several regions in
16S ribosomal RNA (16S rRNA) are implicated in decoding of aa-
tRNA recognition (for recent review see [8]). Early biochemical
studies positioned the decoding center of the ribosome on the
small 30S ribosomal subunit at the interface with the large 50S
subunit. This decoding center covers parts of the 16S rRNA that in-
cludes nucleotides 1400–1500 of helix 44 (h44), nucleotides 1050–
1200 (h43), and 530 loop (h18). Chemical modiﬁcation protection
analysis showed that the bases of the conserved nucleotides G529,
G530, A1492 and A1493 are protected by binding of an A-site tRNA
[9]. Moreover, the miscoding aminoglycoside paromomycin in-
duced protection of nucleotides 1408 and 1494, just across from
1492 and 1493 in helix 44 [10]. Mutational experiments later dem-
onstrated that these nucleotides are critical for A-site tRNA binding
[11,12]. In 1990s the NMR structures [13,14], and latter the X-ray
structure [15] of an oligonucleotide corresponding to this region
of helix 44 bound to paromomycin revealed that the aminoglyco-
side stabilized a structure of A1408, A1492, and A1493 that is dis-
tinct from that observed in the absence of ligand. It was suggested
that the observed conformational changes might mimic those in-
duced by the binding of cognate A-site tRNA to the ribosome. Based
on the results of a kinetic analysis in the end of 1990s, an induced
ﬁt mechanism of aa-tRNA discrimination on the ribosome that
operates in both initial selection and proofreading was proposed
[16]. According to this model the cognate codon–anticodon inter-
action, more efﬁciently than the near-cognate one, induces the
conformation of the decoding center that favors GTPase and
accommodation.
In the early 2000s the breakthroughs in X-ray crystallography of
ribosomes and their subunits, allowed for the isolated 30S ribo-
somal subunit structure to be used as a model to study the selec-
tion of cognate and near-cognate anticodon-stem loop fragments
and have provided important structural details about this kineti-
cally driven mechanism [17,18]. Together with cryo-EM data
[19–23], X-ray data of EF-Tu and tRNA bound to the ribosome
[24,25] and kinetic data, an integrated model for decoding was
proposed (see for review Refs. in [26–31]).
The current kinetic model for the mechanisms governing the
high level of accuracy was deduced from higher resolution struc-
tural approaches, pre-steady state kinetics and single-molecule
ﬂuorescence techniques. These studies expanded upon and some-
what altered the initial kinetic model. Unlike earlier analysis of
translation using steady-state approaches, pre-steady state
kinetics strives to utilize assays that monitor each independentmolecular event in isolation using a variety of ﬂuorescent and
radioactive probes. The many parameters determined by these ap-
proaches, coupled with computational global-ﬁtting techniques,
led to a highly detailed picture of the kinetic and thermodynamic
framework governing tRNA selection.
2. First structural insight into the decoding mechanism using
the 30S ribosomal subunit as a model: A1492, A1493 and G530
of 16S rRNA actively discriminate the geometry of the codon–
anticodon helix, and domain closure of the 30S subunit is
triggered only by cognate tRNA
About one decade ago, high-resolution structures of the large
(50S) and small (30S) subunits of archaeal and bacterial ribosomes
were solved [32–34]. At the same time the functional complex of
the full Thermus thermophiles 70S ribosome with intact tRNAs
and a 36 nucleotide long mRNA was also studied ﬁrst at 7 Å [35],
and later, at 5.5 Å resolution [36]. These studies of 70S provided
a general description of tRNA-ribosome and subunit–subunit inter-
actions (inter-subunit bridges) in the context of the whole ribo-
some and described the rRNA and protein backbones of the
bacterial ribosome that had tRNAs bound in the classical A-, P-
and E-sites. However, because of the low resolution, these struc-
tures lacked details that could reveal the roles of particular atoms
in respect to the ribosome function. Therefore, the ﬁrst deﬁnitive
localization of the decoding site came from a combination of a
3.1 Å structure of T. thermophilus 30S subunits crystals, soaked
with an anticodon stem-loop (ASL) of cognate tRNAPhe bound to
the A-site in the presence of a hexanucleotide mRNA (U6) [17]
and a 7 Å structure of the T. thermophilus 70S ribosome containing
a complete tRNA bound to the A-site with a long 36-nucleotide
mRNA [35].
The current structural view of the mechanism underlying the
decoding process was based on X-ray structures of the isolated
30S subunit where crystals were soaked with mRNA mimics U6
and cognate or near-cognate ASLs mimicking tRNA (with a GU
mismatch at either the ﬁrst or second position) [17,18]. X-ray
analysis of these 30S crystals showed that the binding of mRNA
and cognate ASL in the A-site induced certain local conforma-
tional changes: A1492 and A1493 of 16S rRNA ﬂipped out of
the internal loop of h44. This binding also caused the universally
conserved base G530 of 16S to switch from the syn conformation
present in the vacant 30S subunit (apo-30S structure) [33] to an
anti conformation. In their new conformations, A1493 and
A1492 interact, respectively, with the minor groove of the ﬁrst
and second base pairs of the codon–anticodon helix, whereas
G530 interacts with both the second position of the anticodon
and the third position of the codon. A1493 and A1492 adopt type
I and type II A-minor motifs, respectively. In addition, the N6 of
A1492 is involved in hydrogen bonding to the 20 OH of the uni-
versally conserved C518 and to a highly conserved Ser50 of the
small subunit protein S12. The third, or ‘‘wobble’’, position of
the codon is free to accommodate certain non-canonical base
pairs. In those 30S subunit crystal structures, electron density
for near-cognate ASLs was observed only when soaking in the
presence of the antibiotic paromomycin known to reduce the
ﬁdelity of decoding. In the case of the GU mismatch at the ﬁrst
codon position, this base pair was found in wobble pairing. This
geometry results in displacement of the 1st codon position away
from the minor groove, thus preventing it from forming the
hydrogen bond with A1493. The electron density for the GU mis-
match at the second position did not conform to the expected
wobble geometry, but this discrepancy was attributed to spatial
averaging of two alternative positions of the GU pair.
Based on these observations it was proposed that the ﬁrst two
base pairs of the codon–anticodon helix are closely monitored by
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served nucleotides in such a way that the ribosome is able to dis-
criminate between Watson–Crick base pairing and mismatches. In
contrast, the environment of the third, or ‘‘wobble,’’ position ap-
pears to be suited for accommodating other base-pairing
geometries.
Comparison of the apo-30S crystal structure with 30S crystals
soaked with cognate ASL and U6 showed that binding of these li-
gands induced an internal rearrangement in the 30S subunit. This
movement, termed ‘‘domain closure’’, is a tightening of 30S subunit
around the A-site by rotations of the head towards the shoulder
(S4, G530 loop with surrounding regions of 16S rRNA and S12)
and the h44/h27/ platform region. In that study it was also shown
that binding of paromomycin to the apo-30S ﬂips out A1492 and
A1493 of 16S, but does not have an effect on G530, which remains
in the syn conformation. With near-cognate ASLs the closed 30S
was only observed in the presence of the antibiotic paromomycin.
This lead to the conclusion that in ribosomal interactions with
near-cognate tRNA, deviation fromWatson–Crick geometry results
in uncompensated desolvation of hydrogen-bonding partners at
the codon–anticodon minor groove. As a result, the transition to
a closed form of the 30S induced by cognate tRNA is unfavorable
for near-cognate tRNA unless paromomycin induces part of the
rearrangement.
Based on this hypothesis a mechanistic understanding of ribo-
somal mutants (for example, ribosomal ambiguity mutation, ram)
that affect the ﬁdelity of protein synthesis was suggested. The er-
ror-prone rammutants typically carry altered versions of the small
subunit ribosomal proteins S4 and S5 [37–39]. It was observed in
the apo-30S structure that these proteins interact closely in the
30S subunit [40]. By comparing the 30S structures in open and
closed states it was shown that this interaction is broken during
domain closure. It was suggested that the mutations in S4 and S5
lead to disruption of salt bridges that form part of the interaction.
By reducing the number of bonds that must be broken for domain
closure to take place, these mutants decrease the energy barrier
needed for this transition to occur and thereby facilitate the accep-
tance of tRNAs during the selection process.
3. Recent unanticipated observation from X-ray studies: The
structure of full 70S ribosome with near-cognate tRNA at the
proofreading state reveals domain closure of the 30S subunit
In a previous X-ray study we observed the expected conforma-
tional rearrangements in the 70S ribosome functional complex
upon binding of cognate tRNA to the A-site [41,42]. We determined
two high-resolution structures of the 70S ribosome complexes in
the initiation and elongation states (at 3.35 Å and 3.1 Å resolutions,
respectively). All comparisons were made within one crystal form
to exclude errors. The 70S ribosome in the elongation state was
programmed with a 60 nucleotides long mRNA with Shine–Dal-
garno (SD) sequence and tRNAs in the A-, P- and E-sites. This com-
plex most likely represents the ribosome at the proofreading step
with A-tRNA in the A/A state when an anticodon stem-loop and
acceptor end of tRNA are bound to the A-sites on the 30S and
50S, respectively. The 70S ribosome in the initiation state was pro-
grammed with 30 nucleotide long mRNA containing the SD se-
quence, AUG codon and tRNAfMetCAU in the P- and E-sites.
Comparison of these ribosome structures demonstrated that tran-
sition from initiation to elongation, i.e. upon binding of cognate
tRNA in the decoding site, leads to a 3-Å movement of the shoul-
der toward the neck of the 30S subunit, whereas the other domains
of the subunit remain immobile. These conformational changes
lead to a contraction of the downstream mRNA tunnel and, as a re-
sult, a network of non-speciﬁc interactions between 16S rRNA andmRNA nucleotides is formed. This rearrangement of the 30S sub-
unit in the context of the 70S ribosome is similar to the ‘‘domain
closure’’ seen in the isolated 30S subunit but to a slightly lesser ex-
tent and without rotation of the head towards the shoulder [18]. It
is very probable that the 30S subunit becomes less ﬂexible when it
associates with the 50S subunit to create the full 70S ribosome and
inter-subunit bridges are formed.
In the study of the initiation complex, the two ribosome mole-
cules per asymmetric unit (named A and B) differed in tRNA content
[43,44]. While the A-site of ribosome B was empty, the
A-site of the other ribosome (molecule A) contained density of
apparent tRNA shape, which we attributed to tRNAfMetCAU. The
occupancy of this tRNA in the A-site was estimated to be almost
equal to the one observed in the elongation complex with cognate
A-tRNA. The electron density for tRNAfMetCAU showed a well-de-
ﬁned anticodon stem loop, a ﬂexible elbow region and a disordered
acceptor end. Superposition of the model built for this tRNAfMetCAU
on the structure of cognate tRNAPheGAA shows that the position of
the tRNA is similar to that of cognate tRNA, which is in the classical
A/A state. The anticodon CAU of tRNAfMetCAU forms a single UA
Watson–Crick base pair with the ﬁrst nucleotide of the AAA codon
in a mini-helix with this codon. Based on these observations, the
complex with tRNAfMetCAU in the A-site was referred to as near-cog-
nate [45]. However, according to a general deﬁnition it should be
called non-cognate since tRNA has only one match with the A-co-
don. A comparison of the ribosome structures in molecule A with
this near-cognate tRNA in the A-site and in molecule B with vacant
A-site revealed several striking observations. The 30S subunit in the
near-cognate complex undergoes the same conformational change
(‘‘domain closure’’) that was observed upon binding of cognate
tRNA to the A-site including the rearrangements of the key nucleo-
tides of decoding center. To investigate these ﬁndings further we
decided to study models of the ribosome at the proofreading step,
where the A-site substrates are classical near-cognate tRNAs.
4. New structural insights about decoding on the ribosome
4.1. X-ray structures of the full 70S ribosome complexes with
continuous mRNA and cognate or near-cognate tRNAs at the
proofreading step
The most often occurring miscoding events during tRNA selec-
tion are GU mismatches at the ﬁrst two positions of the codon–
anticodon duplexes. Therefore, we dedicated our study to the gen-
eral problem of how the ribosome responds to and discriminates
against GU mismatches occurring in the decoding center [46]. In
parallel with correct (cognate) base pairing we modeled GU mis-
matches at all three positions of the codon–anticodon duplexes.
Altogether we determined six X-ray structures of the 70S ribosome
at 3.1–3.4 Å resolution programmed with 30-nucleotide-long
mRNAs containing SD sequence, the AUG codon and tRNAfMet in
the P-site, and the A-site occupied by either tRNALeuGAG ortRNATyr-
GUA and corresponding mRNA codons [46] (Fig. 1A, left panel). In
one set of experiments, tRNALeuGAG and tRNATyrGUA were bound
to their respective cognate codons CUC and UAC in the A-site. In
the second set of experiments, we modeled near-cognate states
of the ribosome. In these complexes the A-site was ﬁlled either
by tRNALeuGAG and codon UUU with a UG mismatch in the ﬁrst po-
sition of the codon–anticodon helix or by tRNATyrGUA and codon
UGC with a GU mismatch in the second position. Furthermore
we repeated the second set of experiments with the antibiotic par-
omomycin present. Analysis of all six crystal structures shows that
the A-site of the ribosome was occupied by tRNA at almost equal
occupancy and that these tRNAs were found in the A/A state corre-
sponding to the proofreading state of decoding.
Fig. 1. Decoding center on the 70S ribosome. (A) First panel: the mRNA path on the 70S ribosome with three tRNAs bound at the A, P and E sites; decoding center (DC) is
indicated. Second and third panels: a GUmismatch and a classical Watson–Crick GC pair at the ﬁrst position of the codon–anticodon helix and their interactions with A1493
of 16S rRNA. Fourth panel: Classical wobble UG pair at the third position of the codon–anticodon helix. (B) Identical overall conformations of universally conserved G530,
A1492 and A1493 of 16S rRNA in the cognate and near-cognate models with mismatches at the ﬁrst (left) or second (right) positions. (C) Superposition of 23S rRNA from near-
cognate and cognate structures shows identical domain closure in the near-cognate and cognate states.
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system. How is it possible that near-cognate tRNAs are bound with
afﬁnities high enough to form crystals containing tRNA with high
occupancy if the ribosome rejects near-cognate tRNAs very efﬁ-
ciently? The error frequencies of translation are estimated between
105 and 103, depending on the type of measurement, concentra-
tions and nature of tRNAs that perform misreading, and the mRNA
context [4,47,48]. However, other ﬁdelitymeasurements conducted
in buffer systems with tRNA mixtures on heteropolymeric mRNA
suggest that in vitro protein synthesis proceeds with even lower
ﬁdelity (an error rate of 2  103 to 10  103), thus proposing that
further quality control mechanisms exists [3]. These values mean
that the ribosome does accept near-cognate tRNAs (i.e. misincorpo-
rates) but with a low probability. The only way to model such a low
probable but naturally occurring state by X-ray crystallography is to
make the ribosome accept near-cognate tRNA by giving high excess
of only one type of tRNA (for example, one carrying a mismatch to
the ﬁrst codon position) over the ribosome concentration. Under
such non-equilibrium (crystallization) conditions, near-cognate
tRNA binds efﬁciently in the ribosomal A-site. A similar way of
obtaining ribosomeswithonemismatch in thecodon–anticodonhe-
lix at high yield in vitro systemwas recently exploited by Zaher and
Green [3,49] allowing the authors to discover the retrospectivequal-
ity control by the ribosome.
We have strong evidence that in our experimental 70S ribo-
some model the A-site is speciﬁc, but not ‘‘omnivorous’’ (or undis-
criminating), and mostly only accept substrates that resemble
cognate tRNAs. We determined X-ray structure of the 70S ribo-
some with a 30 nucleotide-long mRNA with SD sequence, and
AUG codon and tRNAfMet in the P-site followed by a polyA tail
and as substrate for the A-site tRNAPheGGA was given in high excess
(unpublished data). Analysis of this structure showed that 70S
ribosome complex had an empty A-site with no electron densityin the A-site found. These data demonstrate a natural restriction
mode of the decoding center in the 70S ribosome complexes so
that non-cognate tRNA cannot serve as a substrate at the accom-
modation step and most likely for initial selection either.
4.2. The decoding center restricts a GU mismatch at the ﬁrst or second
codon–anticodon position to form Watson–Crick GC-like interactions
At the resolution of our X-ray data we could conﬁdently assign
the general base pairing. The electron densitymaps unambiguously
demonstrated that U4 and G5 of the A codons UUU and UGC do not
show the anticipated wobble interactions with G36 in tRNALeuGAG
and U35 in tRNATyrGUA, respectively [46]. Instead, U4G36 and
G5U35 at the ﬁrst and second positions of the codon–anticodon du-
plexes form base pairs similar to standard Watson–Crick GC pairs
(Fig. 1A, secondand thirdpanels). GC-likeGUorGTpairs havebeen
shown earlier for RNA and DNA in other X-ray structures [50–52].
WhenUG is at the third codon–anticodon positionwe observe stan-
dard UG wobble pairing (Fig. 1A, last panel) as was shown earlier.
However, because hydrogen atoms do not sufﬁciently scatter X-rays
it is therefore very difﬁcult to precisely identify the nature of the
hydrogen bond pattern of the mismatches in the near-cognate co-
don–anticodonhelices. Amongmanymispairing possibilities, either
tautomerization or ionization of bases might allow for GU pairs to
obtain Watson–Crick-like geometry.
4.3. Binding of cognate or near-cognate tRNAs to the 70S ribosome
leads to the same structural rearrangements in the 30S subunit
Analysis of the decoding center in the crystal structure of the va-
cant 70S ribosome showed that key nucleotides A1492 and 1493
were well deﬁned and found in the ‘‘ﬂipped in’’ position where they
stack with each other and G530 was in the anti conformation
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and A1493 in the crystals of the apo-30S subunit were disordered
[40], whereas G530 was in a syn conformation [33].
Our study shows, that part of the conformational rearrangements
of the decoding center of the full 70S ribosome already happen upon
binding to the P-site of its functional ligand, i.e. full size tRNA and
mRNA. Analysis of an initiation 70S ribosome complex with mRNA
and P-site tRNAfMet showed that nucleotide G530was in syn confor-
mation, base A1493 was already protruding from h44 (in ‘‘ﬂipped
out’’ conformation) [41,43,53], while A1492 was very well deﬁned
and held inside the helix 44 by stacking with the equally conserved
base A1913 fromhelix 69 of 23S rRNA (H69) of the 50S subunit. This
particular arrangement of A1492 and 1493 of h44 16S rRNA and
A1913 of 23S rRNA is stabilized by neighboring G1494 in 16S rRNA
and A1912 in the 23S rRNA through hydrogen bonding. The univer-
sally conserved H69 forms inter-subunit bridges, and is known to
make extensive contacts with tRNA in the P site, release factors
and ribosome recycling factor [41,53–56].
Thus, the half-formed (or partly preformed) conformation of the
decoding center in the 70S initiation complex (with a vacant A-
site), obviously differs from the one observed in the crystal struc-
ture of isolated 30S subunits where the ‘‘spur’’ from h6 mimics
the P-tRNA ASL [33].
Examination of the decoding center in 70S ribosome complexes
upon binding of cognate or near-cognate tRNA in A-site showed that
the key nucleotides A1493, A1492 and G530 of 16S rRNA in h44,
which contact the ﬁrst and the second pairs of the codon–anticodon
helix, interact with these unusual U4G36 and G5U35 pairs identi-
cally to the way they interact with canonical Watson–Crick base
pairs C4G36 and A5U35 (Fig. 1B): A1493 and A1492 are now both
protruding from h44 interact, respectively, with the minor groove
of the ﬁrst and second base pairs of the codon–anticodon helix,
whereasG530 (in anti conformation) interactswith the secondposi-
tion of the anticodon and with the third position of the codon via
magnesium ion. Therefore, in both cognate and near-cognate states
of thedecoding center, A1493andA1492 formA-minorgroove type I
and type II interactions, correspondingly. It is important to add that
uponbindingof A-tRNA,A1913ofH69 rotates considerably, and sta-
bilizes nucleotides 37 and38of the anticodon loop region of A-tRNA,
thus releasing the key nucleotide A1492 from stacking interactions.
These ﬁndings are in contradiction with the earlier studies (see
above part 2) [17,18] where these nucleotides were given a role as
monitors and discriminators in the decoding process adapting dif-
ferent geometriesdependingwhether canonicalWatson–Crickpairs
ormismatcheswere found in theﬁrst and secondpositions in the co-
don–anticodon helix. Our structures show that G530, A1492 and
A1493 form a static part of the decoding center, deﬁning its spatial
and stereo chemical properties.
Another unexpected result was obtainedfrom the comparison of
the overall conformations of the six 70S ribosome structures. Both
cognate and near-cognate tRNAs induce the same rearrangements
of the 30S subunit: an 2–3 Å movement of the shoulder toward
the neck of the 30S subunit, whereas the other domains of the sub-
unit remain immobile (Fig. 1C). This implies that domain closure is
an inherent quality of the ribosome in response to binding of cog-
nate or near-cognate tRNA to the A site [43], but not of non-cog-
nate (see part 4a, unpublished data), and is prerequisite for
formation of the decoding pocket. These data also are in contradic-
tion with previous observations where the transition to a closed
form upon binding of near-cognate ASL was not observed.
4.4. New structural insight on the interaction of aminoglycoside
antibiotic paromomycin with 70S ribosome/mRNA/tRNA complexes
Paromomycin is a member of the aminoglycoside family
of antibiotics that has been known to affect the overall ﬁdelity oftranslation [57], and as was shown later it accelerates both forward
reaction rates (GTPase activation and accommodation) in tRNA
selection and reduces the rate of near-cognate tRNA dissociation
from A-site [58,59].
As it was mentioned above the ﬁrst structural insights on the
interaction of paromomycin with ribosomal elements were ob-
tained ﬁrst by NMR analysis [13,14], and latter by X-ray analysis
[15], where the antibiotic was bound to an oligonucleotide corre-
sponding to region of decoding center (h44). It was suggested that
the observed conformational changes caused by binding of paro-
momycin might mimic those induced by binding of cognate A-site
tRNA to the ribosome.
The structure of the crystals of apo-30S soaked with paromo-
mycin showed that the antibiotic ring I inserts into h44 and helps
to ﬂip out bases A1492 and A1493, which were disordered in the
structure of the apo-30S [33,40]. Ring I mimics a nucleotide base,
stacking against G1491 and hydrogen-bonding with A1408. In
addition it forms a tight hydrogen-bond interaction with the phos-
phate backbone of A1493. In an X-ray study of the Escherichia coli
ribosome complex with ribosome recycling factor (RRF) [56] it was
shown that paromomycin has two binding sites (one in each ribo-
somal subunit) and a structural explanation for aminoglycoside
inhibition of ribosome recycling was proposed, but because of
the low resolution of the structure (4.5 Å) a detailed analysis of
the interactions was absent. Later, paromomycin was used in X-
ray studies of the T. thermophilus 70S ribosome complex to increase
binding afﬁnity of tRNAs to the A site [24,25,54,60].
From the high-resolution structures of full 70S complexes with
mRNA, P-tRNA and near-cognate A-tRNAs in the presence of paro-
momycin we showed that upon of binding of paromomycin ring I
not only forms a tight hydrogen-bond interaction with the phos-
phate backbone of A1493, which helps lock the ﬂipped-out bases
in place, but causes a large positional shift of the A1493 phosphate
group [46]. Comparison of these structures with structures in the
absence of antibiotic also demonstrates that a movement of H69
accompanied by rearrangements of the intersubunit bridge B2a
composed of h44 and H69 occurs in the presence of paromomycin
and these distortions are probably initiated by the movement of
the A1493 phosphate group. Although this movement only mini-
mally alters the interactions of A1493 with U4G36 and A1492/
G530 with G5U35, these local changes modulate the B2a bridge.
H69 is displaced towards the tRNA, which probably enhances the
interaction surface of H69 with the A-tRNA D-stem. In the presence
of paromomycin the position of H69 is closer to that observed for
the cognate state. Thus, displacement of the A1493 phosphate
group relaxes the decoding pocket from the side of the A codon,
making the decoding pocket less restrictive, and changes the defor-
mation of the near-cognate codon–anticodon helix. The minor
structural rearrangements that we observe with paromomycin
are consistent with its moderate effect at the proofreading step
[59]. It is also possible that paromomycin increases the lifetime
of a tautomer of U or G in a UG mismatch what potentially simu-
lates stabilization of a near-cognate tRNA in the A-site and as a
consequence incorporation of a wrong amino acid into a polypep-
tide chain. In addition, because the A-site is locked in one state
with A1492/A1493 ﬂipped-out, less energy is required to be paid
and inﬁdelity follows.
These new molecular details of antibiotic action demonstrate
once again that the ribosome is an extremely complex ﬁnely-tuned
machinery where cross-talk between subunits passes via intersub-
unit bridges and as a consequence inﬂuences the binding of func-
tional ligands.
Another study of the action of aminoglycoside antibiotics that
combined both dynamic and structural approaches, showed that
particularly paromomycin causes not only miscoding, but also
blocks intersubunit rotation, and inhibits translocation [61].
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studies of decoding: The 30S small subunit complex with mimics of
functional ligands and full 70S ribosome with mRNA and tRNAs
In light of our ﬁndings on complete ribosomes, it appears now
that the models initially used to describe the mechanism underly-
ing the decoding process had several shortcomings. First, there
were crystal structures of isolated 30S subunits, which implies that
inter-subunit contacts are not established and might limit the
interpretation [17]. Moreover, the tip of the ‘‘spur’’ (h6) from a
symmetry related 30S subunit was mimicking the P-site tRNA
and an ASL was used instead of a full tRNA for the A-site
(Fig. 2A). The P- and E-site mRNA codons were mimicked by the
30 end of 16S rRNA so that the hexameric mRNA (position 1–4 vis-
ible) that was used was not covalently linked between the P and A
site. And ﬁnally the near-cognate complexes were solved in the
presence of paromomycin, making it difﬁcult to dissect effects of
mismatches from those of the antibiotic.
For the study of the mismatch at the ﬁrst position, the 30S crys-
tals were soaked with an anticodon stem-loop of tRNALeu and U6
mRNA and a classical wobble UG pair was found [17]. However,
the mRNA was not covalently linked between the P- and A-codons
and by superimposing the A site GAG anticodons from the near-
cognate tRNALeuGAG in the 70S structure [46] and that from the
30S model it was found that the ﬁrst nucleotide of the A-codons
is positioned differently (Fig. 2B and C). Because it does not haveFig. 2. 30S subunit as a model for the selecton of tRNA. (A) Crystal packing of the 30S
arrangement of ligands in the P- and A-sites (see the text). Mimics of the P-site codon (
shown in cyan and grey, respectively; short analogs of the A-site codon (U6) and the A-
Abbreviations: h, pl, and sh indicate head, platform and shoulder domains of 30S. (B an
paired to the GAG anticodon of tRNA2Leu from the full 70S structure [46] and from the
structure around the second codon position, showing A1492 and G530. The appropriate p
light gray; the expected position of a uridine base forming a typical base pair with the re
et al. (2002) Cell 111, 721–732 with permission from Elsevier.the natural restraint coming from being covalently bound to the
P codon, this ﬁrst nucleotide of the A-codon in the 30S structure
had the freedom to move so it could form a wobble UG pair. How-
ever, in the 70S ribosome structure the P and A mRNA codons are
tightly held which means that the ﬁrst nucleotide of the A-codon
has to formWatson–Crick like interactions with G36 of tRNALeuGAG
(Fig. 2B and C). The kink in the mRNA between the A and the P co-
don [62], which allows simultaneous codon–anticodon pairing and
might be important for maintaining the translational reading
frame is stabilized by the coordination of a magnesium ion with
an mRNA backbone phosphate [54].
In the experiments to study the UG mismatch in the second co-
don position (30S crystals soaked with ASLSer and U6) the electron
density observed for the UG base pair was consistent with Wat-
son–Crick rather than wobble geometry (Fig. 2D) [18]. The authors
interpreted this as a spatial average of the GU pair in two alterna-
tive positions, each of which allows the 16S decoding center to
interact with one half of the minor groove or alternatively by par-
omomycin favoring tautomerization of the G or U thus allowing
pairing with Watson–Crick geometry without any particular impli-
cations of this unusual geometry.
After understanding the issues of the 30S model lacking a cova-
lent bond between the A and P mRNA codons on the interpreta-
tions of the ﬁrst codon–anticodon interactions, the experimental
electron density observed for the second position showing a
Watson–Crick like geometry of the GU pair corroborates thesubunit in the early studies of decoding [17,18]. Magniﬁcation in a square shows
30-end of 16S rRNA) and the P-site ASL (helix 6 or spur, sp of the neighboring 30S)
site ASL soaked to the A site depicted in light magenta and violet, correspondingly.
d C) Differences between the positions of the ﬁrst uridine in the UUU codon base-
30S model [18]. (D) Electron density from the near-cognate ASLSer/paromomycin
osition of a guanine base to pair with the reﬁned position of the codon U is shown in
ﬁned position of anticodon G is shown in dark gray. Figure adapted from Ogle, J.M.
1854 N. Demeshkina et al. / FEBS Letters 587 (2013) 1848–1857re-evaluated principle for decoding based on interpretation of the
70S ribosome structure data.
One of the vulnerable parts of the 30S subunit crystals as an
experimental model was the low accessibility of the A-site even
to cognate tRNA ASL caused by the way the molecules were ar-
ranged in the crystal. Only experimental density for cognate ASL
in the presence of paromomycin was published. The occupancy
of cognate ASL in A-site in the absence of antibiotic was deduced
from a global comparison of conformational changes (movement
of 16S rRNA backbone phosphorus atoms after superposition of
ASL complex on the native structure) [18]. Such comparisons
showed that in the absence of the paromomycin, the changes upon
binding of the cognate ASL were relatively smaller (1 Å) than in
the presence of the antibiotic, which probably reﬂect that the occu-
pancy even for cognate ASL was not so high.
No electron density was observed in the A-site of 30S crystals
after soaking with near-cognate ASLs. Distinguishing between
disorder and low occupancy of ligands always poses a challenge
in X-ray crystallographic studies at low to medium resolution. At
3.6–3.8 Å the authors suggested that disorder of the ASLs was the
explanation for the complete absence of tRNA density because they
simultaneously observed loss of density for G530 and C1054, how-
ever insufﬁcient binding might as well have been the case. From
these experiments, a comparison of the overall structures of the
30S subunit with paromomycin and cognate ASL and the 30S sub-
unit with ‘‘disordered’’ near-cognate ASL without paromomycin (or
probably with low occupancy of near-cognate ASL or without any
ligand at all) was performed, and the observed domain closure
was described and attributed as a feature of cognate tRNA selec-
tion. But if the comparison of the movements of 16S RNA backbone
phosphorus atoms in the 30S subunit was done between the cog-
nate and near-cognate ASLs without paromomycin, the differences
were not more than 1 Å in the shoulder region.
Another example showing that the use of different ribosome
complexes (the 30S versus the 70S model system) for the study
of decoding can lead to different interpretations is the attempt to
rationalize data on ribosomal error-prone ram mutations that af-
fect the ﬁdelity of protein synthesis. Based on the structure of
apo-30S the ram mutants, typically carrying altered versions of
proteins S4 and S5 [40], were explained by the loss of salt-bridges
lowering the energy barrier needed for domain closure to occur
and hence increasing the error of decoding as described earlier
[18]. However, analysis of 70S ribosome complexes [41] showed
that the interactions between S4 and S5 are different from those
described for the 30S model system. Moreover, upon binding of
A-tRNA and thereby domain closure this interface is almost un-
changed [49].5. Concluding remarks
The new insights into recognition of the base pairs in the cog-
nate and near-cognate models of the 70S ribosome complexes
[41,43,46] led us to propose a scheme for the selection mechanism
of decoding under the assumption that our data present a snapshot
from a large number of substeps comprising different series of con-
formational rearrangements. The positions of the cognate or near-
cognate A-tRNAs in these 70S ribosome complexes correspond to
its orientation after accommodation into A-site (A/A). Since the re-
cent X-ray structures of the 70S ribosome with tRNA and elonga-
tion factor Tu [41,63] demonstrated that the position and
conformation of the ASL of A-tRNA in the Tu-bound (A/T) state is
nearly identical to that shown for accommodated tRNA it encour-
ages us to hypothesize that the method of recognition of base-pairs
described here for the proofreading step governs the initial tRNA
selection step as well.Contemporary kinetic discrimination mechanism operates in
two stages: initial selection and proofreading [27,64]. Our
structural data demonstrate that the decoding center of the 70S
ribosome, which enters the state of initial selection is already
‘‘pre-formed’’ (in contrast with earlier ﬁndings where the nucleo-
tides A1492 and A1493 were disordered [40]). In this ribosome
the P-site is occupied by tRNA, the A-site is still vacant, and the
key functional ligand, the mRNA is bound to the ribosome, with
a kink between the A and P codons, a universal feature of the
mRNA path on the ribosome. This kink is stabilized by the P-tRNA,
16S rRNA and a magnesium ion (Fig. 3A and B). The base A1493 is
already protruding from h44 (‘‘out’’ conformation) [41,43], while
A1492 is held inside the helix 44 by stacking with the conserved
base A1913 from H69 from the 50S subunit (Fig. 3C and D). This
arrangement of A1492 and 1493 of h44 16S rRNA and A1913 of
23S rRNA is stabilized by neighboring G1494 in 16S rRNA and
A1912 in the 23S rRNA through hydrogen bonding. Nucleotide
G530 is in syn conformation.
During initial codon-independent interaction with the ribo-
some, tRNA in the complex with EF-Tu and GTP (ternary complex)
binds the ribosome through contacts with the large and small sub-
units. Proteins L7 and L12 mediate the interaction with the large
subunit, while interaction with the small subunit is localized to
rRNA, protein, and mRNA in the A site [65–67]. These interactions
most likely include tRNA contacts with H69, which cause the con-
formational change of A1913 from H69: adenine ring rotates about
the glycoside bond, while the whole nucleoside rotates addition-
ally. As a result the key nucleotide A1492 becomes free from stack-
ing. According to single molecule FRET experiments during
subsequent codon selection, aa-tRNA undergoes fast conforma-
tional samplings (ﬂuctuations) within the A-site [68]. During this
transition state, the anticodon of aa-tRNA enters the ‘‘preformed’’
30S decoding site and forms primary interactions with the A-co-
don. A1492, A1493 and G530 begin to engage the codon–anticodon
helix, and the formation of the ribosomal contacts to the codon–
anticodon duplex and the tRNA itself, initiates the conformation
change in 30S subunit. As a result upon binding of cognate or
near-cognate tRNA to the 70S ribosome, the small subunit under-
goes conformational changes in the ‘‘shoulder’’ region around the
anticodon loop of the tRNA, where nucleotides G530, A1492 and
A1493 form a static part of the decoding center, deﬁning its spatial
and stereo chemical properties (Fig. 3E).
Our data showed that the tight decoding center forms a
‘‘mould’’ that constrains the mRNA in such a way that the ﬁrst
two nucleotides of the A codon are limited to form Watson–Crick
base pairs (Fig. 3E). When a GU mismatch is at the ﬁrst or second
codon–anticodon position, the decoding center forces the pair to
form Watson–Crick GC-like interactions and not the expected
wobble pairs. Owing to our current data resolution, we cannot pre-
cisely identify the hydrogen bond pattern of the mismatches in the
near-cognate codon–anticodon helices, but tautomerism is a plau-
sible chemical mechanism. An alternative explanation for the
source of tRNA discrimination could be repulsion in the UG pair.
Energy expenditure for formation of tautomers (or repulsion en-
ergy) could constitute the sole cause for the very efﬁcient rejection
of near-cognate tRNAs by the ribosome (Fig. 3E). Since the keto-
tautomer is favored by a factor of about 103 to 104, forcing the enol
form would amount to a free energy expenditure of 4 kcal or
greater. These values are similar to the ones observed in maintain-
ing translational accuracy. codon–anticodon recognition and the
structural rearrangements of the small subunit, which result in
forming a tight decoding center, products the tRNA in the A/T state
[69] (which perhaps exists in different sub-conformations). Cryo-
EM studies of EF-Tu [23,70–72], and recent crystal structures of
the 70S ribosome with EF-Tu and aa-tRNA bound to the ribosome
brought enormous amount of structuralinformation, but still the
Fig. 3. Decoding center on the 70S ribosomes. (A, B) The P/A-kink positions the A-codon to the interactions with tRNA. The elements involved in the kink formation are shown
for the 70S ribosome with the unoccupied A-site (A) and with the A-site bound by cognate tRNA (B). The main contributors to the kink stability (the P-site tRNA, h44 of 16S
rRNA and magnesium ions) are illustrated. (C–E) Conformations of the key elements of the decoding center on the 70S ribosome in different functional states and possible
scenarios in tRNA selection process: (C), unoccupied center; (D), preformed center with tRNA bound at the P-site; (E), formed or closed state of the center with the cognate or
near-cognate tRNA, and possible scenarios in tRNA selection process (see the text). In (C–E) orientations of the center slightly differ from each other to clearly show
conformations of G530, A1492 and A1493 of 16S rRNA and A1913 of 23S rRNA in each particular case.
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ble for GTPase activation are not fully understood. Recent data
demonstrate a number of conformational, probably reversible,
events such as proper positioning EF-Tu and GTPase center with re-
spect to the sarcin-ricin loop for the GTPase-activated state, where
GTP hydrolysis can occur [68,73]. It was suggested that the confor-
mational changes in the 30S subunit (shoulder movement upon
binding of tRNA) [18] or/and a signal passing via the body of tRNA
[74,75] (distortions) can cause these movements.
To understand the high ﬁdelity of protein synthesis on the ribo-
some it is important to examine the question not only from the
point of view of how tRNAs with mismatches are rejected from
the ribosome but also how they are incorporated (even at low fre-
quency). One of the possibilities is the mechanism of molecular
mimicry of shape, which can allow the mismatch to escape the er-
ror discrimination mechanism on the ribosome. Movement of a
single proton on one of the mismatched bases alters the hydro-
gen-bonding pattern such that a base pair forms with an overall
shape that it is virtually indistinguishable from a canonical, Wat-
son–Crick base pair in codon–anticodon helix. This idea is similar
to the rare tautomer hypothesis of spontaneous mutagenesis dur-
ing replication, a long-standing concept that has been difﬁcult to
demonstrate directly. In their work describing the structure of
DNA, Watson and Crick proposed that spontaneous base substitu-
tions could be a consequence of bases spontaneously pairing in
rare tautomeric forms [76,77]. They suggested two possible transi-
tion mispairs, GT and AC, involving the enol form of guanine or
thymine and the imino form of adenine or cytosine, respectively.
Both mispairs ﬁt well within the dimensions of the DNA double he-
lix to preserve the geometry of a correct Watson–Crick base pair.
Thus, the potential importance of mispair geometry to base substi-
tution mutagenesis was implied even before the discovery of DNA
polymerases. This notion was elaborated in the rare tautomer
hypothesis of spontaneous mutagenesis, which states that muta-
tions arise through the formation of high-energy tautomers at
low frequency [78,79].
First structural evidence for replication inﬁdelity via a mismatch
with Watson–Crick geometry was provided in the form of a crystal
structure of a human DNA polymerase k variant poised to misinsert
dGTP opposite a template T [52]. All atoms needed for catalysiswere
present at the active site and in positions that overlaywith those for
a correct base pair. Themismatch hadWatson–Crick geometry con-
sistent with a tautomeric or ionized base pair, with the pH depen-
dence of misinsertion consistent with the latter. These results
support the original idea that a base substitution can originate from
a mismatch having Watson–Crick geometry.
Another structural evidence for inﬁdelity via a mismatch with
Watson–Crick geometry was demonstrated using high-ﬁdelity
DNA polymerase (Bacillus stearothermophilus DNA polymerase 1
large fragment). In this study, a CA mismatch was observed within
the double helix past the position of incorporation, where it adopts
a cognate Watson–Crick base-pair conformation [51]. According to
the authors their structures unambiguously demonstrate that tau-
tomeric base pairs can form in the polymerase active site, provid-
ing strong support of the rare tautomer hypothesis through direct
structural evidence.
Our structural data reveal a mechanism, which explains the
principle of discrimination based not on the deviation from Wat-
son–Crick geometry that results in uncompensated desolvation of
hydrogen-bonding partners, but on the energy cost of insisting
on Watson–Crick geometry by a passive and rigid decoding center
(Fig. 3E). Energy cost for formation of tautomers (or repulsion en-
ergy due to steric clash within the mismatched base pair) in the
case of GUmismatches could constitute the sole cause for the very
efﬁcient rejection of near-cognate tRNAs by the ribosome at each
substep of decoding process.Our data suggest that ‘‘geometrical mimicry’’ can explain how
wrong aa-tRNAs with mismatches forming base pairs with Wat-
son–Crick geometry in the decoding center can be incorporated
into the poly-peptide chain.
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